Trichloroethylene and trichloroethanol were given intraperitoneally to guinea-pigs. Their effects were tested by measuring the threshold current intensity of electrical skin stimulation, the electrical excitability of the motor cerebral cortex, by recording and analysis of the electroencephalogram, and by electrocardiographic examination. The two compounds had similar effects on the nervous system and the heart, but trichloroethanol was the more effective by a factor of at least three. These results support the opinion of clinical investigators on the important role of trichloroethanol in the pathogenesis of trichloroethylene poisoning.
Trichloroethylene and trichloroethanol were given intraperitoneally to guinea-pigs. Their effects were tested by measuring the threshold current intensity of electrical skin stimulation, the electrical excitability of the motor cerebral cortex, by recording and analysis of the electroencephalogram, and by electrocardiographic examination. The two compounds had similar effects on the nervous system and the heart, but trichloroethanol was the more effective by a factor of at least three. These results support the opinion of clinical investigators on the important role of trichloroethanol in the pathogenesis of trichloroethylene poisoning.
Trichloroethylene is a compound of considerable interest to both the pharmacologist and toxicologist because of its widespread uses as a general anaesthetic and as an industrial solvent and detergent. Unlike many other inhalation anaesthetics, trichloroethylene is retained and metabolized in the body in considerable amounts, depending on the length of exposure and vapour concentration. In conditions similar to those of occupational exposure as much as one half may be retained and metabolized.
The following metabolites of trichloroethylene (TRI) have been identified: (a) trichloroacetic acid (TCA), in dogs by Barrett, Cunningham, and Johnston (I939), and in man by Powell (I945); (b) trichloroethanol (TCE), eliminated mostly as urochloralic (trichloroethyl-,-d-glucuronic) acid, identified in dogs by Butler (I949) , and in man by Sou?ek and Vlachova (I954); (c) monochloroacetic acid, and (d) chloroform; both identified in humans by Soucek and Vlachova (I954, I960) . Butler (I948, 1949) first drew attention to the fact that trichloroethylene gives the same terminal metabolic products as chloral hydrate, and he advanced the hypothesis that chloral hydrate is the intermediary product in trichloroethylene metabolism. This metabolic scheme has been accepted by many other workers who have supplemented it with other newly discovered metabolites (Soucek and Vlachova, I954, i960), examined the reaction mechanisms (Bardodej and Vyskocil, I956), or studied the modification of trichloroethylene metabolism by disulfiram, fructose, and lactic acid (Bartonicek and Teisinger, I962) .
The ratio of the amounts of trichloroethanol and trichloroacetic acid excreted in the urine is dependent on the degree of trichloroethylene exposure and on the animal species. In humans and dogs with low or moderate exposure this ratio, TCE : TCA, varies usually from one to three (Bardodej and Krivucova, I958; Medek, I958; Soucek and Vlachova, i963). In some animal species, e.g., rabbits, and in highly exposed man the ratio may rise to several hundreds (Pferovska, Srbova and St'blova, I958; Bartonicek and Soucek, i959).
A schematic representation of trichloroethylene metabolism is presented in Fig. iA Another hypothesis on the sequence of metabolic steps has been suggested by Forssman, OweLarsson, and Skog (i955) and is shown in Figure iB . According to this hypothesis the intermediary product in the metabolic conversion of trichloroethylene to trichloroacetic acid is trichloroethanol.
The known trichloroethylene metabolites possess their own pharmacodynamic action. The central nervous depressant action of trichloroethanol was discovered by Kiilz as early as I884 and was confirmed by Butler (Woodard, Lange, Nelson, and Calvery, I941; Payko9 and Powell, 1945) . This is probably due to TCA itself because metabolic transformation of TCA to trichloroethanol or chloral hydrate has never been observed.
Monochloroacetic acid lacks any hypnotic or narcotic action; but choleretic and laxative action as well as marked hepatotoxicity at higher doses were observed (Woodard et al., 1941) .
Toxicological data about these compounds were published by Woodard et al. (1941) , Marhold (I953), Soucek and Vlachova (i959) , and Bardodej (r963). The toxicity of trichloroacetic acid is low, so hat it is highly improbable that it plays any part in trichloroethylene intoxication. The toxicity of monochloroacetic acid is relatively high, so that this substance may participate; but no experimental evidence of this has been given so far.
Unfortunately no comparison of the toxicity of trichlor6ethylene itself with that of its metabolites (especially trichloroethanol) is possible on the basis of the work summarized. Either the toxicity of trichloroethylene has not been studied at all, or it has been investigated only for inhalation exposure, so that the amount of absorbed trichloroethylene is not known (data compiled by Bardodej, I963 We have therefore compared the narcotic action of trichloroethylene and trichloroethanol by several electrophysiological methods.
Methods
Both substances were injected intraperitoneally into guinea-pigs.
Spinal Reflex Excitability This was tested by measuring the threshold current intensity evoking a defensive reaction to skin stimulation. A constantcurrent output stimulator was used, so that the current intensity did not depend on the resistance of the skin and electrodes. The animal was held by the experimenter so that it touched the stimulating electrodes with its hind paws. The threshold reaction-minimal dorsal flexion of the toes-was observed and evaluated visually. The threshold current intensity was compared in groups of control animals and animals injected with the drug-i5 to 25 guinea-pigs for each dose and the same number of controls. The method was described by Mikiskova and Mikiska (I962) , who also presented evidence that it tested changes in spinal reflex excitability. The depth of narcosis was determined only at its estimated highest level, i.e., I0 to I5 min. after injection of trichloroethanol or 20 tO 30 min. after injection of trichloroethylene.
Electrical Excitability of the Motor Cerebral Cortex This was determined by means of implanted epidural electrodes by measuring the threshold voltage of rhythmic stimulation evoking minimal movement of the contralateral fore-limb (Mikiska, I960) .
Electroencephalographic Recordings Recordings were taken from epidural electrodes implanted over the motor area of the cerebral cortex using a bipolar lead with a short inter-electrode distance. The E.E.G. signal was processed by an electronic integrator (Mikiska, I963) and stored on the magnetic tape simultaneously with the recordings. The magnetic tape was used for subsequent frequency analysis. Our frequency modulation system of E.E.G. tape recording was described by Mikiska (I962).
Electrocardiogram A three-dimensional system of leads was used, a modification of Wilson, Johnston and Kossman's (I947) system of spatial vectorcardiography. Three-dimensional electrocardiography enables usto differentiate real changes in amplitude of E.C.G. waves from changes caused by rotation of the electrical heart axis.
Further details on the technique of E.E.G. and E.C.G. recording and analysis in guinea-pigs together with the data on normal tracings in this species have been published elsewhere (Mikiska and Mikiskova, I964) .
In these three types of experiment the time course of the effects was followed until the effects had disappeared, usually 3 hr. after injection but sometimes longer. Only one dose of each drug was tested, 6-7 mM. of trichloroethylene/kg. (o-6 ml., o-88 g.), and 2-2 mM. of trichloroethanol/kg. (0-22 ml., 0o34 g.). Controls were given 0o3 to 0o4 ml. of physiological saline. Electroencephalographic and electrocardiographic changes were usually studied simultaneously in the same animal. The electrical excitability of the cerebral cortex was studied in other experiments in order to prevent modification of E.E.G. and E.C.G. patterns by cortical stimulation. Experiments were carried out on groups of five to eight guinea-pigs.
Results Symptomatology After intraperitoneal administration of 6-7 mM./kg. trichloroethylene, general anaesthesia, characterized by loss of muscular tone, depression of righting reflexes, slowing of respiration, but not by disappearance of the corneal reflex, developed within I5 to 30 min. and lasted usually 2 to 3 hours. Injection of 2-2 mM. /kg. trichloroethanol was followed by anaesthesia within 5 to I0 minutes. Anaesthesia was usually deeper, with depression of the corneal reflex in about one half of the experiments, but lasted a shorter time, as a rule 45 to 6o minutes.
During recovery from anaesthesia behaviour became normal sooner than electrical excitability or spontaneous electrical activity of the central nervous system (cf., the following results).
During the light stages of anaesthesia some animals moved frequently in attempts to correct their posture. Convulsions and paroxysmal E.E.G. patterns were not observed. No deaths occurred during anaesthesia but several hours after injection symptoms of subacute intoxication developed in a small proportion of animals given 6-7 mM./kg. trichloroethylene and in almost all the animals given 2-2 mM./kg. trichloroethanol. The symptoms (decrease of muscular tone, ataxia, and hyperalgesia) have already been described (Mikiskova and Mikiska, I960) and will be analysed in another paper.
The administration of smaller doses of trichloroethylene and trichloroethanol caused only brief light general anaesthesia without any apparent sequelae. Figure 2 . All doses raised the threshold significantly as shown by the values of P in Figure 2 (calculated by the non-parametric Mann-Whitney one-tailed test). The regression lines and their fiducial belts (p = o-os) are also shown.* The ratio of the slopes, TCE: TRI, is 5-2, fiducial linits 3-2 to 9-6, i.e., intraperitoneal trichloroethanol has an effect about 5-2 times greater than -the same dose of trichloroethylene.
Electrical Excitability of Cerebral Motor Cortex The threshold voltage was measured before and after injection, and the increase as a -percentage of the pre-injection value was taken as a -measure of central nervous depressant action. In Fig. 3A Frequency analysis of E.E.G. records in the stages 'random spindles and/or slow waves' and 'complex' reveals a great prevalence of delta and theta frequency components. Statistical evaluation of the results of frequency analysis is much more difficult than that of E.E.G. integration due to the overwhelming number of numerical data and great differences in the frequency spectra of individuals. Figure 4 shows the E.E.G. of a guinea-pig before and after intraperitoneal injection of 6-7 mM./kg. trichloroethylene recorded at a paper speed of 3 cm./sec. Figure 5 record I5 min. after intraperitoneal injection of 2-2 mM./kg. trichloroethanol. A paper speed of 6 cm./sec. was used for recording this section of tracings to show the E.C.G. waveform more distinctly. Calibration as in Fig. 4 .
In about 5% of animals a pronounced sinus arrhythmia independent of respiration is observed. Still more rarely single ventricular extrasystoles may be seen in the E.C.G. The following changes in the E.C.G. were observed after trichloroethylene or trichloroethanol: slowing of the heart rate, slowing of the atrioventricular transmission of excitation, i.e., lengthening of the interval PQ, and lengthening of the repolarization phase of electrical systole of the ventricles, i.e., the interval ST. With the doses used in our experiments we have never observed cardiac arrhythmias nor changes in the complex QRS. Only in one experiment with trichloroethanol did a marked modification of the T wave occur, i.e., inversion and sharpening in all leads. This change was probably anoxic in origin, since the respiration rate was slowed more than 70%.
Examples ofa normal E.C.G. tracing andof E.C.G. changes after trichloroethylene and trichloroethanol administration are shown in Fig. 4 and in greater detail in Figure 5 .
In the lowest part of Fig. 3 changes in the heart rate are plotted against the time elapsed from injection. (The heart rate was decreased, therefore the ordinates are negative.) The arrangement of this graph is similar to that concerning E.E.G. amplitudes.
As can be seen from Fig. 3 , the decrease in the heart rate after 2*2 mM./kg. trichloroethanol was almost twice as great as that after 6-7 mM./kg. trichloroethylene, i.e., the relative effects of trichloroethylene and trichloroethanol on the heart rate were similar to those on the E.E.G. amplitude or on the threshold of electrical excitability of the cerebral motor cortex.
The time course was, however, somewhat different: by the third hour after injection of trichloroethylene the heart rate had in most experiments completely recovered. In other words, the recovery of the heart rate followed behavioural recovery more closely than restitution of the cortical electrical excitability or the E.E.G.
In some of our experiments one channel of the recorder was used for registration of the summation electromyogram; and in other experiments the movements of the animal could be evaluated from electromyographic activity appearing in the E.C.G. leads (Figs. 4 and 5) . At the highest level of anaesthesia this electromyogram activity disappeared completely or almost completely. Its recovery followed closely behavioural recovery and restitution of the heart rate.
Discussion
The effects of trichloroethylene anaesthesia on the electroencephalogram have been studied in human subjects (Gibbs, Gibbs, and Atkinson, I960; Defalque, I96I) . Bradycardia and various degrees of heart block are the most striking features in rabbits or guinea-pigs (Mallach, Marquardt, and Werch, I943; Waters, Orth, and Gillespie, 1943; Bose and Mukerji, I944) . It is worth mentioning, however, that in oral intoxication with trichloroethylene E.C.G. patterns similar to our findings in guinea-pigs may be found even in humans (Stentiford and Logan, I956) , and that cardiac arrhythmia after oral trichloroethylene is sometimes directly related to airway obstruction (Dhuner, Nordquist, and Renstrom, I957).
We do not know of any references to the effect of trichloroethanol on the E.E.G. or E.C.G. except our own pilot study (Mikiskova and Mikiska, I960) .
From our results on guinea-pigs we can conclude that trichloroethylene and trichloroethanol, injected intraperitoneally, do not differ qualitatively in any way in their effects on the four electrophysiological responses studied, but that trichloroethanol is at least three and probably five to six times the more effective at the same injected dose.
Differences in effectiveness between various substances injected in equal doses may be due either to the difference in effectiveness of similar tissue concentrations or to the difference in resulting tissue concentrations caused by differences in resorption rate, in distribution between various organs, and in rates of elimination. We shall discuss the probable role of these factors for trichloroethylene and trichloroethanol. one-third to one half of the retained amount of trichloroethylene is metabolized to trichloroethanol and excreted in the urine as urochloralic acid. This quantity seems to be large enough to contribute to the pharmacodynamic and toxic effect of trichloroethylene.
There is no information on the ratio of free trichloroethanol to urochloralic acid in the tissues of guinea-pigs after exposure to trichloroethylene that would yield information on the rate of trichloroethanol conjugation. The problem has, however, been studied by Marshall and Owens (I954) in dogs and human subjects, to whom either trichloroethanol or chloral hydrate was given orally. The authors estimated analytically trichloroethanol and urochloralic acid in plasma and in urine. In dogs, conjugation of trichloroethanol to urochloralic acid proceeded quickly and was almost complete within two hours; but in humans, up to the eighth hour after ingestion, all the trichloroethanol in plasma was present as the free alcohol, i.e., no urochloralic acid was found. Even, however, in species where conjugation of trichloroethanol to urochloralic acid proceeds rapidly, central nervous depressant action may not be completely lost. Indeed, central nervous depression can be induced in rabbits by the oral administration of pure urochloralic acid or sodium urochloralate (Kulz, I884). There is therefore little doubt that conjugation of trichloroethanol to urochloralic acid is reversible and that a portion of the trichloroethanol is present in vivo as such, due to equilibration between the free compound and its conjugate. Metabolic conversion of trichloroethanol to urochloralic acid does not seem to rule out an important role for trichloroethanol in trichloroethylene poisoning, as is assumed by some authors. For a review of this problem see the paper by Vyskocil and Polak (I963) .
To conclude, the opinion of some clinical investigators that trichloroethanol is important in the pathogenesis of trichloroethylene poisoning has gained strong support from our experiments, in which the effects of both compounds, injected intraperitoneally in guinea-pigs, have been compared by several electrophysiological methods. No qualitative differences in their effects were found, but trichloroethanol was probably five to six times the more effective. This higher effectiveness cannot be explained by differences in the tissue concentration of the drugs; so, as one third to one half of the trichloroethylene retained by the animal is metabolized to trichloroethanol, it is probable that metabolic conversion to trichloroethanol contributes substantially to prolonging and even to deepening the depressant effect of trichloroethylene.
